Temperatures above the optimum are sensed as heat stress (HS) by all living organisms and represent one of the major environmental challenges for plants. Plants can cope with HS by activating specific defense mechanisms to minimize damage and ensure cellular functionality. One of the most common effects of HS is the overproduction of reactive oxygen and nitrogen species (ROS and RNS). The role of ROS and RNS in the regulation of many plant physiological processes is well established. On the contrary, in plants very little is known about the physiological role of peroxynitrite (ONOO 
Introduction
Temperatures above the optimum are sensed as heat stress (HS) by all living organisms and represent one of the major environmental challenges for plants. In fact, HS is very common and dangerous for plants, as light energy for photosynthesis can easily increase temperature in the exposed tissues. HS can affect several plant and cellular functions. At whole plant level, HS determines reduction in photosynthesis and assimilate translocation due to stomatal closure and insufficient transpiration (Kotak et al. 2007 ), thus altering growth and reproduction and inducing early senescence with serious loss in the worldwide crop production (Challinor et al. 2009 ). At cellular level, high temperatures can disturb cooperation among plant organelles, can disrupt the cytoskeleton, thereby altering cell differentiation and elongation, and can induce an oxidative burst with peroxidation of membrane lipids, pigment bleaching, and protein degradation with consequent enzyme inactivation (for a review see Parankusam et al. 2017 ). The altered membrane fluidity and the impaired enzyme function induced by HS via protein denaturation affect cellular homeostasis (Kampinga et al. 1995) . Homeostasis is the result of a complex balance among different metabolic processes located in various cell organelles. Since different cell processes present different optimum of temperature, HS can affect this balance. In addition, due to the physical properties of the biological membranes processes like photosynthesis and mitochondrial respiration are more affected by HS respect to reactions mediated by soluble enzymes (Suzuky and Mittler 2006) .
Plant responses to HS are affected by plant developmental stage and strength of the stress condition. In particular, plants can cope with HS by activating specific defense mechanisms to minimize damage and ensure cellular functionality. HS response implies activation of HS genes and synthesis and accumulation of HS proteins, many of which are molecular chaperones involved in plant tolerance to biotic and abiotic stresses (for a review see Hasanuzzaman et al. 2013 ). Molecular chaperones assist in the stabilization of proteins and membranes and in protein refolding under stress conditions. Different members of this family of proteins are targeted to almost all cellular compartments, implicating these proteins in their protection (Wang et al. 2004) .
Due to its effect on membrane fluidity and enzyme stability and functionality, one of the most common effects of HS is the overproduction of reactive oxygen and nitrogen species (ROS and RNS), in particular, H 2 O 2 , O 2 − , and NO. ROS and RNS, the result of incomplete reduction and excitation processes, are unavoidable consequence of aerobiosis (Halliwell 2006) . Plants developed various enzymatic and non-enzymatic mechanisms to detoxify the excess of reactive species produced by their particular metabolism. As these scavenging mechanisms became very efficient, plants evolved a network of enzymatic activities to adjust purposefully ROS and RNS levels in order to use them as signals in different plant processes, such as plant development and responses to several abiotic and biotic stresses (Farnese et al. 2016) . Both the families of reactive species can cause programmed cell death (PCD) (Vacca et al. 2004; Malerba et al. 2008) .
ROS are deeply involved in responses to HS. In particular, they seem involved in the regulation of transcriptional network of plant heat stress response (for a review see Ohama et al. 2017) . Several papers on various plant species report a HSinduced NO accumulation dependent on the severity and duration of stress. For example, Nicotiana tabacum suspension cells showed less NO accumulation upon heat shock at 35°C compared to cells at 55°C (Locato et al. 2008 ) and even a shortterm heat treatment at 45°C was able to increase NO levels in leaves of Medicago sativa and N. tabacum leaf peels (Leshem et al. 1998; Gould et al. 2003) . Many papers indicated NO as a crucial response for increasing plant adaptation to stress (Yu et al. 2014) . In fact, application of NO donors was able to reduce HS-induced plant damage while treatment with NO scavengers reverses the protecting effect of NO (Hasanuzzaman et al. 2013 . In this work, the role of ONOO − on some of the stress responses induced by HS in tobacco BY-2 cultured cells has been investigated by measuring both in the presence and in the absence of 2,6,8-trihydroxypurine (urate), a specific scavenger of ONOO − (Gaupels et al. 2011) , the following parameters: cell death, cytoplasmic shrinkage, lipid peroxidation, production of RNS and ROS, activity of caspase-3-like proteases, release of cytochrome c from mitochondria, and variations in the levels of molecular chaperones Hsp 90 in the mitochondria and Hsp70 BiP in the ER, and of 14-3-3 proteins in the cytosol.
Material and methods

Cell culture growth and experimental conditions
Tobacco BY-2 (Nicotiana tabacum L. cv bright-yellow 2) cell cultures were grown at 25°C under shaking (120 rpm) as described (Malerba et al. 2010) . Heat treatments (5 min at 50°C) were performed as described (Malerba et al. 2010) in the absence or presence of 1 mM urate added 10 min before heat treatment.
Cell viability assay and determination of cells undergoing PCD
Cell death was evaluated with the vital dye Evans Blue as described (Malerba et al. 2012 ) using boiled cells (10 min, 100°C) as control of 100% cell death (Baker and Mock 1994) . PCD with apoptotic features was determined by counting the number of cells showing cytoplasmic shrinkage as described (Malerba et al. 2010 ). This morphological modification is commonly present in cultured cells undergoing apoptotic-like PCD (Mc Cabe and Leaver 2000; Lam 2004 ).
O 2 − assay and RNS imaging
The O 2 − anion generation by tobacco cells was evaluated spectrophotometrically as reduction of sodium,3′-[1-[phenylaminocarbonyl]-3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzenesulfonic acid hydrate (XTT) to XTT formazan as described (Able et al. 1998; Malerba and Cerana 2015) . RNS accumulation in tobacco cells was visualized with the cell-permeant fluorescent probe 4-amino-5-methylamino-2′ ,7′ -difluorofluorescein (DAF-FM) diacetate (Alexis Biochemicals, Lausen, Switzerland) as previously described (Malerba et al. 2008 ).
Activity of caspase3-like proteases and level of lipid peroxidation
The activity of caspase3-like proteases was evaluated spectrophotometrically by using the caspase-3 colorimetric activity assay kit, according to the manufacturer's instructions (BioVision Research Products, Mountain View, CA 94043, USA) as previously described (Malerba and Cerana 2015) . The level of lipid peroxidation was evaluated by spectrophotometrically measuring the level of malondialdehyde (MDA), a secondary end product of the oxidation of polyunsaturated fatty acids, as described (Malerba and Cerana 2015) .
Cell fraction preparation, SDS-PAGE, and protein gel blot analysis
Tobacco cells were collected, homogenized, and centrifuged to obtain the different cellular fractions (i.e., mitochondrial, microsomal, and soluble) for SDS-PAGE analysis as described (Malerba et al. 2010) .
SDS-PAGE and protein gel blot analyses were performed according to Laemmli (1970) as described (Malerba et al. 2010) . Immunodecorations of cytochrome c, 14-3-3 proteins, and BiP were performed as described (Malerba et al. 2010 ). Immunodecoration of HSP 90 was performed on the mitochondrial fraction with a polyclonal antibody against Arabidopsis thaliana HSP 90 (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Statistical analyses
For statistical analyses, we used GraphPad Prism 4 program from GraphPad Software, Inc., San Diego, CA, USA.
Results
Effect of HS and urate on RNS accumulation in the cells
In the light of the possible use of urate to evaluate the role of ONOO − in the HS-induced responses, we preliminary tested the effect of urate on RNS accumulation in the cells. Figure 1 shows that HS induces the appearance of cells showing the bright fluorescence due to RNS accumulation. Interestingly, at both experimental times (6 and 24 h) this fluorescence is totally absent in the cells subjected to HS in the presence of urate. These results and the specificity of urate make this compound useful to elucidate the role of ONOO − in the HSinduced responses of tobacco cells.
Effect of HS and urate on cell death and on accumulation of cells with shrinked cytoplasm
In this experiment, we tested the effect of urate on the HSinduced accumulation of dead cells and of cells with cytoplasmic shrinkage. Figure 3a reconfirms that HS induces the accumulation of dead cells and shows that this accumulation is strongly reduced by urate at all experimental times. Figure 3b shows that HS also induces the appearance of cells with shrinked cytoplasm. At all experimental times, the HSinduced accumulation of cells with shrinked cytoplasm is markedly reduced by urate.
Effect of HS and urate on O 2 − and MDA accumulation
The data reported in Fig. 3a show that HS induces a strong accumulation of O 2 − in the culture medium. Urate, at least at the first experimental times, is able to prevent this accumulation (Fig. 3a) . Membrane lipid peroxidation, one of the most dangerous consequences of oxidative stress, was estimated by measuring the content of malondialdehyde (MDA), and the results of Fig.  3b show that HS induces a strong increase in the level of this metabolite. This increase is markedly prevented by urate.
Effect of HS and urate on caspase-3-like activity
To characterize further the cell death process induced by HS, we analyzed another PCD hallmark, the activity of caspase3-like proteases. An increase in this activity occurs during PCD in several plant systems suggesting a caspase triggering pathway similar to the animal counterpart in some forms of plant PCD. The results of Fig. 4 show that HS induces a strong increase in the activity that is markedly reduced by urate.
Effect of HS and urate on the levels of mitochondrial Hsp90, of microsomal BiP, of cytosolic 14-3-3s, and on the release of cytochrome c from mitochondria
Finally, we conducted a set of protein gel blot experiments to analyze the effect of HS and urate on the levels of some proteins involved in stress responses. HSP 90 is a family of protein chaperone that regulates the activity of a variety of substrates, in plants too. BiP is a widely distributed HSP70 ERresident molecular chaperone, which accumulates during different stresses. 14-3-3 proteins are a class of regulatory proteins involved in several processes of plant cells, including cytochrome c release and cell death and the release of cytochrome c from the mitochondrion to the cytosol is one of the typical markers of cell death with apoptotic features in both animals and plants. The results of Fig. 5 show the stimulatory effects of HS on cytochrome c release and 14-3-3s and BiP accumulation, while HS induces a strong reduction in the level of mitochondrial HSP 90. At both experimental times, urate reduces the HS-induced variation in the levels of mitochondrial Hsp90 and of cytosolic 14-3-3s, and almost completely prevents the HS-induced accumulation of microsomal BiP and the release of cytochrome c from mitochondria.
Discussion
In order to investigate the possible signaling role of ONOO − in plant cells, in this work, we tested the effect of urate, a specific ONOO − scavenger, on some of the responses induced by HS in tobacco cultured cells: cell death, cytoplasmic shrinkage, lipid peroxidation, production of RNS and ROS, activity of caspase-3-like proteases, release of cytochrome c from mitochondria, and variations in the levels of molecular chaperones Hsp 90 in the mitochondria and Hsp70 BiP in the ER, and of 14-3-3 proteins in the cytosol. The urate concentration was chosen based on a previous work on the same materials where 1 mM urate totally suppressed ONOO − generation and only slightly reduced tyrosine nitration of proteins induced by INF1, the major elicitin secreted by the late blight pathogen Phytophthora infestans (Saito et al. 2006 ).
Effect of HS and urate on ONOO − accumulation in the cells
Due to its short half-life and its extreme reactivity with other molecules, the detection of ONOO − in vivo is very difficult. Its abundance is usually determined indirectly by the detection of reaction products (nitrated animo acids and lipids) using techniques such as chromatography, mass spectrometry, and immunodetection (Gaupels et al. 2011) . However, the same modifications can be caused by other reactions, for example peroxidase activity in the presence of ROS and RNS (Sakamoto et al. 2004 ). Thus, methods allowing the direct detection of ONOO − by fluorescent probes were developed (Sun Fig. 1 Figure 1 shows that the strong fluorescence present in cells subjected to HS, index of ONOO − generation, is totally absent in cells subjected to HS in the presence of urate at both experimental times. This effect of UR is quite similar to that obtained in the same experimental material by using a similar fluorescent reagent to detect ONOO − and INF1 elicitin to induce ONOO − generation (Saito et al. 2006 ) and in Arabidopsis thaliana leaves during hypersensitive response induced by an avirulent Pseudomonas syringae strain (Gaupels et al. 2011 ).
Effect of HS and urate on cell death and on accumulation of cells with shrinked cytoplasm
In a previous work, we showed that HS induces in tobacco cultures the accumulation of dead cells and of cells with shrinked cytoplasm (Malerba et al. 2010) . In this work, we report that both these effects of HS are markedly reduced by 1 urate (Fig. 2) . While a role as signaling molecules in the induction of PCD process has been clearly established for ROS and NO (for a review see Farnese et al. 2016) , at present, the role of ONOO − as essential mediator of cell death in plants is questioned. In fact, due to the presence of a complex network of decomposition pathways, several authors remark the ability of plants to detoxify ONOO of cell death with apoptotic features (Lam 2004) , was shown in samples treated with the specific ONOO − scavenger epicatechin (Serrano et al. 2012) . PCD triggered by ONOO − could be due to actin modification by nitration of tyrosine residues via an ONOO − specific reaction. This can give rise to disturbances in actin polymerization, as observed in animal cells (Aslan et al. 2003) , and it should be noted that the same effect on actin cytoskeleton polymerization was observed in tobacco cultured cells during HS (Malerba et al. 2010 ).
Effect of HS and urate on O 2 − and MDA accumulation
In tobacco cells, HS induces oxidative stress with accumulation of O 2 − and MDA. Both these effects of HS are prevented by 1 urate (Fig. 3) and following cadmium treatment of soybean roots ).
Effect of HS and urate on caspase-3-like activity and on the release of cytochrome c from mitochondria
Animal apoptosis involves the activity of specific cysteine protease, the caspases. Proteins with similar functionality called caspases-like or metacaspases are present in plant cells, too (Piszczek and Gutman 2007) . HS induces an increase in the activity of these proteases that is largely prevented by urate (Fig.4) . Interestingly, the activity of metacaspases is regulated by nitrosylation of cysteine residues, and it should be noted that this secondary protein modification depends on NO and ONOO − presence (Belenghi et al. 2007 ). Another typical hallmark of PCD with apoptotic features present in both animals and plants and linked to caspases activity is the release of the apoptogenic factor cytochrome c from mitochondria (Lam 2004) . A release of cytochrome c is observed in tobacco cells subjected to HS and this release is reduced by urate (Fig. 5) . In animals, ONOO − generation is reported to be relevant to apoptosis (Sandoval et al. 1997 ). In addition, ONOO − can directly damage DNA, particularly by reacting with guanine to form 8-nitroguanine. This modification can promote DNA cleavage by specific endonucleases in vivo (Niles et al. 2006 ).
Effect of HS and urate on the levels of mitochondrial Hsp90, of microsomal BiP, and of cytosolic 14-3-3s
As previously stated, plants developed a set of responses to cope with HS (see BIntroduction^). These responses include modification of physiological and biochemical processes by gene expression changes that can gradually lead to the development of tolerance to stress in the form of acclimation, or in the best case, to adaptation (Hasanuzzaman et al. 2013 and the BIntroduction^section). It this work by protein gel blot experiments, we analyzed the effect of HS and urate on the level of a set of proteins involved in the response of plants to different stresses. Our data show that HS affects the level of mitochondrial Hsp90, of microsomal BiP, and of cytosolic 14-3-3s (Fig.  5 ). In particular, HS markedly reduces the level of mitochondrial Hsp90, whereas HS induces accumulation of BiP and 14-3-3s. These modifications induced by HS are partially prevented by urate. A similar effect of HS on mitochondrial Hsp90 has been reported in tobacco cells where a 10-min HS at 55°C induced after 1 h, a 50% reduction in the level of the protein, evaluated by semiquantitative RT-PCR experiments (Marsoni et al. 2010) . Hsp 90 proteins are considered primary regulators of correct protein folding in every organism and specific form are present in different cell compartment (Kadota and Shirazu 2012) . Aberrant regulation of specific mitochondrial forms of HSP 90 is present in cancer and neurodegenerative disorders. In these conditions, their expression is consistently elevated in respect to normal tissues where they are present at very low level (Altieri et al. 2012) . Interestingly, among the partners of mithocondrial Hsp 90, there is cyclophilin D, a proteic component of permeability transition pore whose opening is a fundamental molecular prerequisite for the induction of apoptosis (Kang et al. 2007) . In this view, it should be noted that cultured plant cells could be considered in some way similar to malignant cells (Nagata et al. 1992) . The Hsp70 molecular chaperone BiP is considered a general marker of ER stress (Urade 2007) . In fact, its accumulation has been reported in a number of stress conditions, HS included (Malerba et al. 2010; Yang et al. 2016) . Accumulation of regulative 14-3-3 proteins has been observed in biotic and abiotic stress conditions (Lozano-Durán and Robatzek 2015) . Recently, an extensive study investigated by quantitative RT-PCR the effect of HS on the expression of different genes for several 14-3-3 isoforms. The expression of all these isoforms resulted stimulated by HS in all part of Arabidopsis plant, permitting the authors to conclude that HS response was found to be associated with regulatory 14-3-3 proteins (Dobrá et al. 2015) .
As regards the effect of urate on the levels of these proteins, a potential signaling role of ONOO − during the induction of defense gene expression has been proposed some years ago (Alamillo and García-Olmedo 2001) . More recently, ONOO − has been shown to be implicated in the expression of genes encoding proteins involved in disease resistance of potato against Phytophthora infestans (Arasimowicz-Jelonek et al. 2016) and in the response of soybean seedling roots to cadmium ). In conclusion, our results suggest a potential role for ONOO − in some of the responses induced by HS in tobacco cultured cells. In particular, ONOO − seems implicated in a form of cell death showing apoptotic features and in the regulation of the levels of proteins involved in the response to stress. However, experiments on the level of gene expression are needed to better understand of the role of ONOO − in the responses to stresses. In particular, experiments dealing with the expression of genes related to NO-dependent tyrosine nitration of proteins would be beneficial to many researches.
